Mercury is commonly found in coal and the coal utilization processes constitute one of the main sources of mercury emission to the environment. This issue is particularly important for Poland, because the Polish energy production sector is based on brown and hard coal. The forecasts show that this trend in energy production will continue in the coming years. At the time of the emission limits introduction, methods of reducing the mercury emission will have to be implemented in Poland. Mercury emission can be reduced as a result of using coal with a relatively low mercury content. In the case of the absence of such coals, the methods of mercury removal from coal can be implemented. The currently used and developing methods include the coal cleaning process (both the coal washing and the dry deshaling) as well as the thermal pretreatment of coal (mild pyrolysis). The effectiveness of these methods various for different coals, which is caused by the diversity of coal origin, various characteristics of coal and, especially, by the various modes of mercury occurrence in coal. It should be mentioned that the coal cleaning process allows for the removal of mercury occurring in mineral matter, mainly in pyrite. The thermal pretreatment of coal allows for the removal of mercury occurring in organic matter as well as in the inorganic constituents characterized by a low temperature of mercury release. In this paper, the guidelines for the selection of mercury removal method from hard coal were presented. The guidelines were developed taking into consideration: the effectiveness of mercury removal from coal in the process of coal cleaning and thermal pretreatment, the synergy effect resulting from the combination of these processes, the direction of coal utilization as well as the influence of these processes on coal properties.
Introduction
Mercury and its compounds are characterized by highly toxic properties and negatively affect the functioning of the human organisms [1] . It should be emphasized, that any amount of mercury emitted to the environment is a potential threat to life and health, which is caused by the natural biogeochemical cycle of mercury [2] . One of the main sources of mercury emission to the environment is that constituted by the coal utilization processes, in which mercury is commonly found [3] [4] [5] . This issue is particularly important for Poland, because the Polish energy production sector is based on brown and hard coal [6] and the forecasts show that this trend in energy production will continue in the coming years [7] . Moreover, it should be pointed out, that Poland is a major producer of coke in the EU [8] . At the moment of the emission limits introduction, methods of reducing mercury emission will have to be implemented in Poland.
The amount of mercury emitted in the coal utilization processes may be reduced using a number of methods. One of these methods involves using coal with a relatively low mercury content. Obviously, the availability of such coals is limited. However, in the case of their absence, methods of mercury removal from coal can be applied. The currently used and developing methods include the coal cleaning process [9, 10] as well as the thermal pretreatment of coal (mild pyrolysis) [11] [12] [13] . It should be mentioned that the effectiveness of these methods varies for different coals. This is caused by the diversity in coal origin, various characteristics of coal, and especially by the various modes of mercury occurrence in coal [9, [14] [15] [16] . The coal cleaning process allows for the removal of mercury occurring in mineral matter, mainly in pyrite. The thermal pretreatment of coal allows for the removal of mercury occurring in organic matter as well as in the inorganic constituents characterized by a low temperature of mercury release.
In this paper, guidelines for the selection of a method for mercury removal from hard coal were presented. The guidelines were developed considering the effectiveness of mercury removal from coal in the processes of coal cleaning and thermal pretreatment, the synergy effect resulting from the combination of these processes, the direction of coal utilization as well as the influence of these processes on coal properties.
Aim of study
The main aim of the study was to develop guidelines for the selection of a method for mercury removal from hard coal. To achieve that goal, the effectiveness of mercury removal from coal in the processes of coal cleaning and thermal pretreatment was determined. While developing the guidelines the direction of coal utilization as well as the influence of the analyzed processes on coal properties were taken into consideration.
Experimental

Examination of the coal cleaning process
Within the framework of the coal cleaning process investigations, the samples derived from domestic industrial plants (coal washing) as well as from demo plants (dry deshaling) were examined. Six washing plants of coking coals and two dry separators of steam coal: the air concentrating table (DD1-DD6 cases) and the X-ray optical separator (DD7 case) were analyzed. The content of mercury in raw coals and rejects derived from the coal cleaning process are given in Table 1 . The method of mercury content determination was previously presented in work [10] .
The effectiveness of mercury removal from coal in the process of coal cleaning was determined using the Eq. (1). 
Examination of the coal thermal pretreatment process (mild pyrolysis)
For the purposes of examining the coal thermal pretreatment process, due to the lack of appropriate industrial and pilot plants in Poland, the studies were conducted on bench scale. The investigations were carried out using the laboratory equipment for coal thermal pretreatment in fixed bed - Fig.1 . The thermal pretreatment of coal was performed for the following process parameters:
• final temperature: 300 °C, • heating rate: 5 °C/min, • residence time at the final temperature: 30 min, • purge gas: nitrogen, • purge gas flow: 5 dm 3 /min, • sample weight: 500 g, • coal particle size: below 10 mm.
Five hard coals were examined: two raw coking coals (CW3 and CW5) and three steam coals (SC1, SC2 and SC3). Mercury content in steam coals was as follows: 138, 37 and 91 μg/kg (dry basis). The effectiveness of mercury removal from coal in the thermal pretreatment process was determined using the Eq. (2). Additionally, the influence of the thermal pretreatment process of coal on its properties was studied. For this purpose, examinations of six coals widely used by domestic cokeries and coal fired power plants were performed (three coking coals and three steam coals). For all the selected coals, changes in calorific value and sulfur content were examined. In the case of coking coals, changes of dilatometric parameters were additionally studied. The characteristics of the examined coals are given in Table 2 . 
Identification of the occurrence of the synergy effect resulting from the combination of both processes
For the identification of the occurrence of the synergy effect resulting from the combination of coal cleaning and thermal pretreatment process, examinations were performed of three cases of feed and clean coal produced in selected sections of the coal processing plant - Table  3 . Subsequently, in accordance with the method described in paragraph 3.2, the thermal pretreatment of clean coals was conducted. 4 Influence of the selected method on the effectiveness of removing mercury from hard coal
Comparison of effectiveness of mercury removal from hard coal
The determined effectiveness of mercury removal from hard coal in the analyzed processes of coal cleaning and thermal pretreatment was presented in Fig.2 . For each of the analyzed methods, mercury removal effectiveness was significant, although higher effectiveness was observed for the cleaning process, both washing and dry deshaling. The mercury removal effectiveness in the coal cleaning process ranged from 8 to 96% (coking coal washing: 21-76%; dry deshaling of steam coals: 8-96%), and in the coal thermal pretreatment at 300 °C it ranged from 45 to 70%. In view of the obtained results, it can be concluded that each of the analyzed methods could potentially be used for reducing mercury emissions from the coal utilization processes. Nevertheless, the analyzed methods show a wide variation in effectiveness, especially for the coal cleaning process. An increase in the amount of mercury removal from coal could be obtained by the combination of coal cleaning and coal thermal pretreatment. The synergy effect resulting from the combination of these methods is presented in Fig. 3 . For each of the analyzed cases, the beneficial effect was obtained. 
The influence of the thermal pretreatment process of coal on its properties
In most of the investigated samples, the process of coal thermal pretreatment at 300°C allows for an improvement in the quality of coal, i.e.: a decrease in moisture content, an increase in the calorific value (Fig. 4) as well as partial sulfur removal (Fig. 5) . Thus, the application of this process will enhance the properties of hard coal used for heat and power production.
Nevertheless, the process of thermal pretreatment (300 °C) may result in a deterioration in the coking properties, which limits the applicability of this method for coking coals. The changes of dilatometric parameters are shown in Table 4 . Especially significant changes were observed for maximum dilatation (b). -27 tI -softening temperature; tII -temperature of maximum contraction, tII -temperature of maximum dilatation; a -maximum contraction; b -maximum dilatation.
Guidelines for the selection of a method for mercury removal from coking coal
The recommended methods of mercury removal from coking coals are presented in Fig. 6 . In the case of coking coals, mercury removal should be based on the coal washing process, which is already commonly used. Practically, only this method could ensure a coal quality which is required by the customers (the content of ash, sulfur and alkaline compounds as well as coking properties, etc.). In the case of coking coals, due to a deterioration in the coking properties of coal, the process of thermal pretreatment at the temperature of 300 °C or higher is not acceptable.
The additional possibility of mercury removal from coking coals depends on the type of coke oven battery. In the case of cokeries using gravity charging coke oven batteries, a further mercury removal is possible by applying the coal pre-drying process. The coal predrying process is used for increasing the bulk density of coal in the coke oven chamber. This improves the quality of the produced coke or gives an opportunity to increase the share of semi-soft coking coals in the blend instead of more expensive and less widely available hard coking coals, without a deterioration in the quality of the produced coke. The coal pre-drying process is conducted at 200 °C, at which temperature the deterioration of the coking properties of coal does not take place [17] . In this range of temperatures, there occurs a partial mercury removal from coal. Thus, the additional possibility of mercury removal from coal could be obtained without applying a separate unit, because it would take place in the coal pre-drying unit. It should be pointed out, that the implementation of the coal pre-drying process will require removing mercury from process gases using sorbents. In the case of cokeries using the coke dry quenching technology, coke dust could be used as a sorbent [18] .
In the case of cokeries using stamp charging coke oven batteries, mercury could be removed from coal only in the washing process. It should be mentioned that in the process of coal washing the middling products are also produced, which are widely used for heat and power production. In the case of a high mercury content in the middling products, its removal could be obtained in the process of thermal pretreatment.
Guidelines for the selection of a method for mercury removal from steam coal
The block diagram of the proposed methods of mercury removal from steam coals is presented in Fig. 7 . For all steam coals, the dry deshaling process is recommended. This process allows for the removal of mercury as well as a decrease in ash content and thus an increase in calorific value.
The additional possibility of mercury removal from steam coal is provided by the thermal pretreatment of clean coal from the dry deshaling process. The performed analysis of the combination of the coal cleaning and thermal pretreatment process has shown the synergy effect. Nevertheless, the application of such a combination is recommended only for coals in which mercury occurs in organic matter as well as in the inorganic constituents characterized by a low temperature of mercury release. In order to determine the applicability of the combination of the coal cleaning and thermal pretreatment process, bench scale examinations are necessary. It is worth mentioning that the thermal pretreatment of coal would provide additional benefits in the form of an improvement in the quality of steam coal (e.g. a decrease in sulfur content).
The proposed methods of mercury removal from steam coal enable the production of low-mercury coal for power stations, combined heat and power plants, gasification plants, as well as low-mercury household fuel. It should be pointed out that, mercury removal from steam coal can also be performed in the process of coal washing. This particularly applies to coals, for which ensuring quality parameters (e.g. limits of ash content and heating value) requires the application of the coal washing process.
Conclusions
Each of the analyzed methods i.e. coal washing, dry deshaling, thermal pretreatment and the combination of these methods allows for the removal of mercury. However, it should be pointed out, that the selection of an appropriate method should take into account the effectiveness of mercury removal from coal, the direction of coal utilization as well as the influence of the analyzed methods on coal properties. For the removal of mercury from hard coal, depending on the direction of its utilization, the following methods are proposed:
 for coking coals used in stamp charging coke oven batteries -the coal washing process,  for coking coals used in gravity charging coke oven batteries -the coal washing process combined with the coal pre-drying process,  for steam coal -the dry deshaling process; in the case of coal for which ensuring the quality parameters is required -the coal washing process,  for steam coal in which mercury occurs in organic matter as well as in the inorganic constituents characterized by low temperature of mercury release -the dry deshaling process combined with the thermal pretreatment process.
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